Abstract -In this work, an ethane/air counterflow diffusion flame at elevated pressures has been investigated using light scattering and extinction technique. An ethane/air counterflow diffusion flame has been stabilized from 2 to 5 atm in a pressure vessel which can provide optical access up to 160° in angular direction. Effects of pressure on soot parameters such as soot volume fraction (fv), particle diameter (dp) and particle number density (np) have been investigated. The Rayleigh-Debye-Gans theory for Polydisperse Fractal Aggregates (RDG-PFA) has been used to determine the soot parameters from light scattering and extinction data. Global strain rate (a) of 30s -1 is maintained at all pressures by adjusting the inlet flows. Scattering measurements are performed at 135°. By combining the scattering data with extinction measurements soot volume fraction, mean particle diameter and particle number densities, along the centerline of the counterflow flame, are calculated. Values of fractal parameters such as fractal dimension and fractal prefactor, are taken from the literature for atmospheric flames and they are assumed constant at all pressures. It is found that the primary particle diameter and soot volume fraction increase with pressure while the number densities of primary particles decrease due to coalescence.
Introduction
High operating pressure is desirable in gas turbines and diesel engines to reduce the volume of the combustion chamber. Elevated pressure levels improve thermodynamic efficiency of the combustion devices but soot formation is enhanced with pressure. Soot emissions from the exhaust of combustion systems pose serious risk to human health and they are also a major contributor to global warming. Soot morphology affects its transport properties and interaction with human respiratory system and also has important effects for its atmospheric life time. Therefore, it is necessary to understand soot morphology at conditions relevant to practical combustion systems in order to improve computational codes and to develop effective emission control strategies.
Soot particle size has been studied for many years in laboratory flames at atmospheric pressure, using intrusive and non-intrusive diagnostic [1] [2] [3] [4] [5] [6] . Limited studies are available at elevated pressures in which effects of pressure on soot volume fraction and particle size have been studied [7] [8] [9] . Flower and Bowman studied an ethylene/air diffusion flame up to 10 atm. Light extinction method was applied to study the soot volume fraction at different axial locations allowing to identify the soot formation and oxidation zones. They found that peak integrated soot volume fraction scaled with pressure as P 1.2±0.1 . Thomson et al. [10] studied methane/air flames up to 4.0 MPa, in a newly developed high pressure diffusion flame apparatus, using spectral soot emissions (SSE) and line-of-sight attenuation (LOSA) technique. Maximum soot volume fraction increased with pressure to a power 2 for pressure 0.5 to 2 MPa and 1.2 for 2.0 to 4.0 MPa. Particle diameter was also measured in the same experimental setup using laser induced incandescence and dramatic increase in particle size with pressure was observed [11] . Most of the high pressure flames focused on soot studies are coflow flames in which high pressure of 10 MPa have been reached [12] . However, coflow flames have some problems at elevated pressures such as heat loss to the burner [12] . Moreover, they have two dimensional structure and thus complex flow pattern which makes it difficult to understand soot mechanisms.
Optical diagnostic techniques are preferable for combustion studies due to their non-perturbing nature. Light scattering and extinction techniques have been used by many researchers to retrieve soot parameters in diffusion flames at atmospheric pressure [5, [13] [14] [15] . Scattering measurements when combined with light extinction measurements, primary particle size (dp) and soot volume fractions can be inferred. In this work, we have applied light scattering and extinction technique to investigate the effects of pressure on soot parameters. An ethane/air counterflow diffusion flame has been stabilized up to 5 atm in a pressure vessel which can provide the access for optical diagnostics. Counterflow flames are relatively immune from buoyancy instabilities and this configuration allows controlling the residence time by controlling the strain rates. Measurements of the scattering signals at 135° in conjunction with light extinction data enable retrieving mean primary particle diameter and soot volume fraction along the centerline of counterflow flame at different pressures.
Experimental setup
Experimental setup is described in detail in [16] and a schematic of the setup is shown in Fig. 1 . Experimental setup consists of a pressure vessel in which the counterflow flame is contained in a pressurized environment. The pressure vessel has a bottom flange which closes the vessel and can be raised or lowered using a motorized mechanism. The fuel, air and inert supplies inside the pressure vessel are provided through the connectors attached to the bottom flange. On the top part of the pressure vessel a pressure gauge is connected while the exhaust line from the top is connected to an electronically controlled back pressure regulator. The pressure vessel has four quartz windows of curved shape which can provide optical access up to 160° in angular direction. A rotary stage is resting on four vertical translation stages and these translation stages allow balancing the rotary stage in horizontal plane. Scattered light collection optics are mounted on the rotary stage which enables us to position them at desired angles. Counterflow burner has two opposed straight tubes of inside diameter of 8.1 mm for the mainstream flow. This dimension is chosen to minimize the total inlet flow rates at elevated pressures and to achieve the global strain rates (a) comparable to the ones studied at atmospheric pressure. Air is provided from the top side while the ethane is supplied from the bottom side of the burner and the separation distance between the fuel and oxidizer tubes is 8.1 mm. Global strain rate defined as the average velocity of air (Vair) at the exit of the nozzle divided by half of the separation distance (H) between the nozzles and a = 30s -1 is maintained at all pressures while fuel and oxidizer streams have equal momentum. Fuel mole fraction is XF = 1.0 and the flame studied is soot formation flame, located on the oxidizer side of the stagnation plane. To prevent the entrainment, nitrogen curtain with the same velocity of the main sreams, is provided through coflow tubes of inside diameter of 28 mm. The burner is mounted on xy-translation stages which allow aligning the center of the burner with laser beam. The xy-translation stages and the burner are attached on a vertical translation stage. To prevent the accumulation of soot on the optical windows, a flux of nitrogen gas flows around the optical windows without perturbing the flame and this nitrogen flow is provided through a circular ring attached on the bottom flange. Fig. 2 shows the schematic of the optical arrangement for light scattering and extinction measurements. A vertically polarized laser beam, at a wavelength of 514.5 nm, is emitted by an Ar/Kr ion laser light source and is chopped at 1 kHz. The sending optics expand the laser beam which is then focused to a beam waist diameter of 0.1 mm at the center of the burner. The scattered light collection optics consist of a converging lens which collects the scattered light by the soot particles and focuses it to a pinhole which has a diameter of 0.15 mm. Before the pinhole a polarizer is mounted to allow the The scattering intensity by soot particles, Ivv soot , is measured at particular location and the soot scattering coefficient, Kvv soot , at each location is calculated using the following
Where, Ivv calib , is the scattering intensity and Kvv calib is the known scattering coefficient of the calibration gas. Propane gas is used as a calibration gas. Scattering signal from the nitrogen gas is also measured and the noise from the internal reflections is calculated through the known ratio of the scattering coefficients of propane and nitrogen. Neutral density filters are used during the measurements of the scattering signal from soot particles due to several order of magnitude differences in the scattering intensities between the soot particles and the calibration gases. To ensure that the laser power reaching to the measurement volume in the flame is same as that of the calibration gases, correction of the incident and scattering light intensities is required. It is done by taking into account the attenuation of the laser signal from flame edge to the measurement location and from measurement location to the detector.
Light extinction is measured using the same sending optics. Transmitted laser beam, I, is focused on the integrating sphere using a biconvex lens. Integrating sphere is used to minimize the effects of beam steering. The incident, Io, and the transmitted light intensities, I, are measured without and with the flame, respectively, by the photodiode detector mounted on the integrating sphere. From the ratio of the incident (Io) and transmitted (I) light intensities, extinction coefficient can be calculated as
Where s is the optical path length and it is measured by imaging the flame. A reference laser beam is also passed through the pressure vessel and the reference beam signal is measured to account for any change in laser power and optical transmissivity of optical windows due to soot accumulation, over time.
Theoretical Methods
Soot parameters are calculated following the detailed analysis of [2] based on the Rayleigh-Debye-Gans theory for fractal aggregates of small spherical particles. The soot volume fraction can be calculated from the extinction measurements as 
Here, λ is the wavelength used, E = Im [(m 2 -1)/(m 2 + 2)], m is the complex refractive index of soot and ρsa is the scattering to extinction ratio. The variation in the value of complex refractive index of soot is not known as a function of pressure and m = 1.62 + 0.66i reported by [17] is chosen at all pressures. This value is reported for the same wavelength used in this experimental study and is shown to be independent of fuel type within the experimental uncertainties. The value of E, with experimental uncertainties corresponding to the chosen value of complex refractive index is 0.29 ± 27% [17] . The ratio of the total scattering to extinction ratio is not constant and depends on the flame conditions as it changes with the particle diameter and aggregate size. Considering the results of [18] at atmospheric pressure, in which ρsa is found to change between 0.036 to 0.11 for the wavelength used in the present study, the value of ρsa is assumed to be 0.1 for all the flame conditions with 100% uncertainty. The primary particle diameter can be calculated by measuring the large angle scattering to absorption ratio. Therefore, scattering is measured at 135° and primary particle diameter is calculated from the scattering to extinction ratio using the following relation
Here, Kabs is the absorption coefficient and is equal to Kext times (1+ ρsa)
kf is the fractal prefactor and Df is the fractal dimension. The value of F with the reported uncertainties for the chosen value of complex refractive index is 0.27 ± 44% [17] . Df = 1.8 and kf = 2.2 is employed for the present analysis as these values are shown to be representing the morphology of flame generated aggregates in a wide range of combustion conditions [19] . Once the soot volume fraction and primary particle size are known, particle number density is calculated using np = (6×fv)/(π×dp 3 ).
Results and discussions
Soot volume fraction profiles measured in the axial direction along centerline of the counterflow flame are shown in Fig. 3 . Error bars show the uncertainty contribution due to detector's response, absorption length, ρsa and refractive index function, E. An uncertainty of 10% is present in the measurements of absorption length which increases close to stagnation plane. Pure ethane/air flame is a soot formation flame and the sooting zones are located on the oxidizer side of the stagnation plane. Soot is produced on the fuel side of the flame and soot volume fraction increases as soot particles move towards the stagnation plane where they leak out. Soot volume fraction significantly increases with pressure and the stagnation plane shifts away from the fuel nozzle when the pressure is raised which shows the soot zone thickness decreases with pressure. Axial profiles of scattering coefficients measured at 135° along the centerline of the flame are shown in Fig. 4 . Scattering coefficients start to increase at a distance of around 4 mm from the fuel nozzle and keep on increasing as the particles move towards the stagnation plane. Significant difference can be seen in the scattering coefficient profiles at different pressures because the scattering coefficients increase due to increase in soot volume fraction and particle size. 5 shows the variation of the mean primary particle diameter measured along the centerline of the counterflow flame at various pressures. Major sources of uncertainties are absorption coefficient, E, F and scattering coefficient. Uncertainty contribution of Kabs, increases near the stagnation plane due to large uncertainty contribution by absorption length. Soot particles begin to form near the fuel side of the flame and they grow as they move along the flow field towards the stagnation plane. No oxidation is present in this soot formation flame. Therefore, particle diameters reach to their maximum values near the stagnation plane where they are convected away. Mean particle diameter also increases with pressure. The increase in particle size with pressure can be due to increased surface growth and coalescence. Number densities of primary particles as a function of the distance from fuel nozzle are shown in Fig. 6 . At each pressure, particle number densities are high near the soot inception zone due to the nucleation process and they start to decrease while moving away from this zone towards the stagnation plane. The particle number densities decrease rapidly in the direction of particle transport but the particle size, as shown in Fig. 5 , increases as the particles are convected towards stagnation plane. This behaviour shows that the number densities decrease in the direction of particle transport due to coalescence. At each axial location along the centerline of the flame the number densities of the primary particles decrease due to increased coalescence with pressure. 
Conclusion
Effects of pressure on soot concentration and particle diameter are studied in an ethane/air counterflow diffusion flame. From the light scattering and extinction measurements mean particle diameter, soot volume fraction and particle number densities are calculated, using RDG theory for fractal aggregates. Location of the stagnation plane shifts towards the flame and the soot zone thickness is found to decrease with pressure. Integrated soot volume fraction and peak soot volume fraction both increase with pressure. Increase in pressure results in increase in coalescence due to which mean primary particle diameter increases while the number densities of primary particles decrease at each axial location as the pressure increases from 2 to 5 atm. The present investigation focuses non-premixed sooting flame at elevated pressures which is relevant to practical combustion systems. Experimental data generated on the influence of pressure on soot parameters is helpful in improving computational soot predictions under high pressure conditions. 
